Immunofluorescence assays for marine ammonium-and nitrite-oxidizing bacteria were used to assess the diversity of nitrifying bacteria isolated from marine environments. The antisera show relatively broad specificity, in that each reacts with several strains of the same physiological type as the strain to which the antiserum was prepared. The antisera do not, however, react with any strains of differing physiological type. Seventy percent of the 30 unidentified ammonium-oxidizing isolates tested reacted with one or both of the antisera produced to marine ammonium-oxidizing strains, and 8 of the 9 unidentified nitrite-oxidizing strains tested reacted with 1 or more of the 3 nitrite oxidizer antisera used. Ammonium-and nitrite-oxidizing bacteria were enumerated in samples taken in a depth profile (to 750 m) in the Southern California Bight by immunofluorescence assays for two ammonium oxidizers and two nitrite oxidizers.
The oxidation of ammonia to nitrate via nitrite is an essential step in the microbial nitrogen cycle in marine, freshwater, and soil environments. Organisms capable of growth at the expense of these oxidation reactions comprise a restricted group of autotrophic bacteria of two distinct "physiological types," i.e., ammonium oxidizers and nitrite oxidizers. Two of the five recognized ammoniumoxidizing genera and all four of the recognized nitriteoxidizing genera include marine strains (23) . Nitrifiers constitute a very small proportion of the total natural bacterial population in seawater, and specific identification and enumeration methods are necessary to study them in nature. Immunofluorescence is presently the only method capable of detection and enumeration of individual strains of bacteria in natural environments. This method has been applied to the study of nitrifiers in soils (3, 9, 12, 17) , wastewaters (24) , and seawater (20) .
Diversity within a natural population of nitrifying bacteria has significant ecological implications, because serologically different strains may have important genetic differences and varying abilities to grow and nitrify under different environmental conditions (2, 4) . Serological and physiological diversity within one physiological group also has methodological implications, since all members of one physiological type could not be detected with a single antiserum or isolated with a single type of medium. In this paper, we examine the diversity of ammonium-and nitrite-oxidizing bacteria from a variety of marine and estuarine habitats with antisera prepared against known marine genera. We also present data on the abundance and distribution of ammonium-and nitriteoxidizing strains at depths to 750 m in a deep basin in the California borderland. * Corresponding author.
MATERIALS AND METHODS
Strains. The production of antisera against two marine ammonium-oxidizing genera was described'previously (20) . Cultures of the homologous strains Nitrosococcus oceanus and Nitrosomonas sp. (marine) were maintained on W and W/2 media, respectively (22) . Nitrite-oxidizing strains for antiserum production were graciously provided by S. W. Watson and grown on N medium (8) . Data pertaining to the origin and growth characteristics of each strain used in the cross-reaction studies are summarized in Tables 1 to 3 . All strains were maintained in this laboratory on the media designated in the tables.
Antisera production. Cells of nitrite-oxidizing strains were grown in pure culture for use as antigens in 20-liter glass carboys in N medium aerated gently with sterile air. Antigen production procedures for Nitrobacter sp. (marine), Nitrococcus mobilis, and Nitrospina gracilis were similar to those for Nitrosococcus oceanus and Nitrosomonas sp. (marine) described previously (20) . Eighty liters of batch culture were needed to obtain enough bacterial protein to immunize two rabbits. Each nitrite-oxidizing strain was grown to barely detectable turbidity by periodic additions of NaNO2. Cells were harvested by continuous flow centrifugation, frozen, and then thawed several times before immunization. At the time of harvest, samples of culture were innoculated into liquid CP medium (7) to check for heterotrophic contaminants. If heterotrophic growth occurred in the CP tubes, the contaminants were purified by streaking on CP plates and then maintained in culture in liquid CP or CP slants.
The immunization procedure of Ward (20) was used, and antisera were produced by Hazleton-Dutchland Laboratories (Denver, Pa.). For routine staining use as described below, no further purification of the serum beyond removal of erythrocytes was necessary. bCP, Heterotroph medium (7). ' See footnote c of Table 1 'Provided by S. J. Giovanonni, University of Oregon.
glycerol and carbonate buffer (22) , and half was filtered and stained with acridine orange (1% in distilled water; 10). The acridine orange preparation served as a check to ensure that a lack of immunofluorescence reaction did not mean that the cells had been lost or destroyed in the staining procedure and to note the morphology of cells which were not visible by immunofluorescence. A Zeiss epifluorescence microscope with a 100-W tungsten halogen lamp and Zeiss filter set no. 487709 was used to view both the immunofluorescence and acridine orange preparations. A subjective intensity scale, based on the brightness of the fluorescent cells (+4 = maximum fluorescence, +/-= trace fluorescence) was used to assess the strength of the immunofluorescent reaction. A +2 observation was chosen as the cutoff for designating significant reactions (see below). All cross-reaction tests were performed at least twice to check the reproducibility of the subjective scale.
If cross-reaction tests indicated that adsorption of the sera was necessary, then the procedure of Belly et al. (1), involving three sequential adsorptions with the crossreacting strain, was followed. Adsorption of antisera with a marine heterotrophic strain (URW HET; 19) helped minimize general background and nonspecific fluorescence. Nitrobacter and Nitrococcus antisera both showed slight but significant cross-reactions with heterotrophic contaminants isolated from the batch cultures used for immunization. These sera were adsorbed as above with cells of the crossreacting strain. Where noted (see below), anti-Nitrosomonas serum was adsorbed with Nitrosococcus cells by the same procedure (1).
(uH) Environmental samples. Seawater samples were collected on cruise SCBS-21 of the R/V New Horizon in the Southern California Bight in November 1982. Samples from station 205 (lat. 33°18.7' N, long. 118°09.6' W; water depth 777 m) were collected in 30-liter Niskin bottles; subsamples (250 ml) were fixed with buffered 2% Formalin and stored in the dark. Replicate 10-or 20-ml samples were stained, each with different antiserum, so that each strain was enumerated on a separate sample. For field samples, the final dilution of the specific antiserum was completed by adding filtered, partially hydrolyzed gelatin (6) (final gelatin concentration, 1%). The membrane filter staining procedure of Ward and Perry (22) was modified to omit the preliminary incubation with gelatin. This modification improved slide quality by drastically reducing background nonspecific staining and decreased the amount of time required for staining by deleting the incubation step with gelatin and reducing the wash time between antisera incubations. A multiple-filter rig ( Table 1 for ammonium oxidizer antisera were reported previously [20] but are included here for completeness.) The results for all sera against ammonium-oxidizing strains are presented in Table 1 , results for all sera against nitrite-oxidizing strains are presented in Table 2 , and results for all sera against heterotrophs are presented in Table 3 . The major findings from these tests may be summarized as follows.
(i) Antisera produced against nitrifying bacteria did not cross-react (fluorescence of <+2, usually -or +/-) with randomly isolated marine heterotrophs or selected heterotrophic marine isolates from long-term culture collections (Table 3) .
(ii) Antisera produced against ammonium-oxidizing strains had negligible cross-reactions with nitrite-oxidizing strains (Table 2) , and antisera produced against nitrite-oxidizing strains did not react significantly with ammonium-oxidizing strains (Table 1) .
(iii) Not all of the ammonium-and nitrite-oxidizing isolates reacted with antisera produced to genera of their respective physiological type, although in some cases there were no morphological differences between the isolates and the homologous strains which could be detected with the epifluorescence microscope. Of the strains that did react (fluorescence, 2 +2), many were stained by more than one of the antisera (Tables 1 and 2 ); this was particularly true for the ammonium oxidizers, of which 70% reacted with antiNitrosomonas serum and 33% reacted with antiNitrosococcus serum. Most of our test organisms were originally collected from the North Pacific Ocean; however, our antisera react with organisms from all geographic regions represented ( Table 1 ). All of the strains reacting with antiNitrosococcus serum also reacted with anti-Nitrosomonas serum, so that 33% reacted with both sera. The antiNitrosomonas serum is evidently less specific than the other. Based on morphology, 11 of the ammonia-oxidizing strains were of the Nitrosococcus type, and 9 were of the Nitrosomonas type. Anti-Nitrosomonas serum which had been adsorbed with Nitrosococcus organisms did not react with the 11 coccoid, ammonium-oxidizing strains. Adsorption did not affect the homologous reaction with Nitrosomonas organisms nor the reactions between antiNitrosomonas serum and the ammonium-oxidizing strains of rod morphology. For nitrite oxidizer antisera, eight of the nine isolates tested reacted with at least one of the sera, and four reacted with all three of them.
(iv) Both marine and nonmarine (i.e., estuarine or soil origin) nitrifying isolates were tested. Of the ammoniumoxidizing isolates (Table 1) , 11 of 24 strains of marine origin reacted with Nitrosococcus antiserum, and 16 of 24 reacted with Nitrosomonas serum. Anti-Nitrosococcus serum stained only one isolate of estuarine origin, whereas antiNitrosomonas serum stained six of nine nonmarine strains. Only three unidentified marine nitrite-oxidizing strains were included in the study ( Table 2) . Two of these reacted with anti-Nitrobacter serum, and the third strain reacted with anti-Nitrospina serum, whereas none reacted with antiNitrococcus serum ( Therefore, no quantitative data are presented for the distribution of Nitrospina organisms; however, they were detected in some of the samples. Based on three replicate counts for each antiserum at each depth, the coefficient of variation (CV) for all counts averaged 40%. Counts for ammonium oxidizers were more variable (CV averaged 48%) than counts for nitrite oxidizers (CV averaged 33%). There was no significant difference in the distribution pattern of total ammonium-oxidizing and total nitrite-oxidizing cells in the water column (Kolmogorov-Schmirnov test, a > 0.20). Cells generally occurred singly or, more rarely, in groups of two or four. Large clusters of the kind observed in sediment trap samples (13) were not found in these water column samples.
The total abundance of ammonium-oxidizing cells (Nitrosococcus plus Nitrosomonas organisms) averaged 3.5 x 105 cells liter-' and varied by only a factor of 2 over the water column. Total cell concentration appeared highest in the surface (1-m) sample, while the lowest total counts were found in the 9-and 26-m samples (Fig. 1A) . Due to the high variability associated with these counts, there were no statistically significant differences with depth in the total counts.
Nitrosomonas organisms were generally more abundant than Nitrosococcus organisms, but the difference varied from zero to a factor of 3. Nitrosomonas organisms were significantly more abundant than Nitrosococcus organisms at only two depths, i.e., 9 and 700 m. Nitrosomonas organisms were relatively constant with depth; no significant differences among depths were found. However, Nitrosococcus abundance varied significantly over the water column; differences were found between 1 and 9 m and between 700 and 750 m.
Total nitrite-oxidizing cells (Nitrobacter plus Nitrococcus organisms) averaged 2.8 x 105 cells liter-1 over the water column (Fig. 1B) , an amount not significantly different from the total for ammonium-oxidizing cells. The total for nitrite oxidizers showed a maximum at DISCUSSION The degree of cross-reactivity between antisera prepared against one strain and other related strains of the same physiological type reported here is greater than that observed by Belser and Schmidt (3) in a study on the serological diversity of soil ammonium-oxidizing bacteria or by Josserand and Cleyet-Marel (12) for soil nitrite-oxidizing populations. Belser and Schmidt (3) found very little crossreactivity across genus lines and relatively little crossreactivity among different strains of the same genus. Josserand and Cleyet-Marel (12) identified at least four unique serotypes among nitrite oxidizers of identical morphology. The isolates we tested have not been identified to genus; however, they include a variety of discernibly different morphological types under similar culture conditions and span an unknown degree of taxonomic diversity. Several reasons are possible for the greater cross-reactivity that we observed. (i) The marine ammonium-oxidizing population is less diverse than the soil population. The water column environment may present less habitat diversity than the soil environment, resulting in a relatively less diverse microbial assemblage. Although consistent with the data presented here, this conclusion is not warranted by these data alone, since the diversity of isolates available from any environment depends on isolation medium and method as well as the biological diversity of the natural population from which the isolates derive. Thus, we cannot rule out (ii) a bias in the culture methods leading to a nondiverse culture collection. (iii) The marine isolates may share an outer antigen somehow associated with their existence in seawater. Broad specificity was found in both our ammonium and nitrite oxidizer antisera, which might implicate a common environmental factor.
(iv) Methodological differences in immunization procedures and antigen preparation may have resulted in antisera of different specificity. It is possible that the sera used in the present study were more complex (i.e., contained antibodies from a greater number and variety of antibody-producing clones) due to a difference in the immunogenicity of the antigen preparation or the scheduling of the immunization procedure. It was previously reported (20) that the two ammonium oxidizer antisera did not react across genus lines. We have since found that the specificity varies among rabbits. Of two rabbits immunized with the same Nitrosomonas antigen preparation, one produced serum that reacted with Nitrosococcus organisms, whereas serum from the other did not. The fact that adsorption of antiNitrosomonas serum with Nitrosococcus cells removed the cross-reaction between this serum and all coccus-shaped ammonium-oxidizing strains with no detectable effect on the homologous reaction probably indicates that a few shared antigens were responsible for the cross-reaction. However, it is a logical and potentially useful result that many marine, ammonium-oxidizing strains have some surface antigens in common. Fliermans et al. (9) found that antisera raised against one strain of Nitrobacter isolated from soils crossreacted (+2) with another strain of the same genus. The cross-reaction could be removed by adsorption to obtain a serotype-specific serum. Josserand and Cleyet-Marel (12) pursued this approach to show that, by progressive adsorp- population. However, the sera used here did react with most strains tested and yielded ecologically reasonable estimates of in situ nitrifier abundances. We recognize that using immunofluorescence to enumerate nitrifying bacteria in seawater will always lead to an underestimate of the total cell concentration of any physiological type. However, the demonstrated and potential specificity of the assays means that cells of a particular serological similarity can be quantitatively detected and that qualitative aspects of the strain composition of the in situ population can be determined.
The limit of detection in the quantitative analysis of field samples depends on the volume filtered, the filter area, and the number of cells and microscope fields counted. The filter staining method used here resulted in a limit of detection of ca. 104 cells liter-' when a 25-ml sample is filtered. This limit could be lowered by optimizing the variables listed above (e.g., by using a smaller filter area). The counts presented here generally exceeded the limit of detection by several times. However, the CV of counts at this level is still high; the concentration of samples before staining to increase the number of cells counted per slide and thus decrease the CV (14) might improve counting statistics.
Despite the large error in the counts, the ammoniumoxidizing bacterial abundance estimates presented here are higher than estimates for a station in the Southern California Bight reported previously (20) . This difference may in part be due to improvements in the enumeration procedures. Given the relative constancy of nitrifier abundance with depth, ammonium oxidizers and nitrite oxidizers would each constitute an increasing proportion of the total population, i.e., 0.1% at the surface and 0.8% at 750 m. This changing proportion of nitrifying bacteria is probably due to the differential influence of light, oxygen concentration and substrate availability on nitrifiers and the heterotrophs which compose most of the bacterial population.
Although nitrifying bacteria exhibit photoinhibition in laboratory and field studies of nitrification rates (5, 11, 15, 16, 21) , nitrifiers are frequently isolated from surface waters (8, 11) and are detected there by immunofluorescence (20; see above). In fact, most of the nitrifying strains used in this study were obtained from relatively shallow depths, and our sera detected high numbers of nitrifiers in surface samples. Other strains which do not react with our sera may exist in the ocean and have different depth distributions than the strains detected in this study.
